An FTIR image of an 8 µm section of de-paraffinised bronchial biopsy that shows a histological transition from normal to severe dysplasia/squamous cell carcinoma (SCC) in situ was obtained in transmission by stitching together images of 256 x 256 µm recorded using a 96 x 96 element FPA detector. Each pixel spectrum was calculated from 128 co-added interferograms at 4 cm −1 resolution. In order to improve the signal to noise ratio, blocks of 4x4 adjacent pixels were subsequently averaged. Analyses of this spectral image, after conversion of the spectra to their second derivatives, show that the epithelium and the lamina propria tissue types can be distinguished using the area of troughs at either 1591, 1334, 1275 or 1215 cm −1 or, more effectively, by separation into two groups by hierarchical clustering (HCA) of the 1614-1465 region. Due to an insufficient signal to noise ratio, disease stages within the image could not be distinguished with this extent of pixel averaging. However, after separation of the cell types, disease stages within either the epithelium or the lamina propria could be distinguished if spectra were averaged from larger, manually selected areas of the tissue. Both cell types reveal spectral differences that follow a transition from normal to cancerous histology. For example, spectral changes that occurred in the epithelium over the transition from normal to carcinoma in situ could be seen in the 1200-1000 cm −1 region, particularly as a decrease in the second derivative troughs at 1074 and 1036 cm −1 , consistent with changes in some form of carbohydrate. Spectral differences that indicate a disease transition from normal to carcinoma in the lamina propria could be seen in the 1350-1175 cm −1 and 1125-1030 cm −1 regions. Thus demonstrating that a progression from healthy to severe dysplasia/squamous cell carcinoma (SCC) in situ can be seen using FTIR spectroscopic imaging and multivariate analysis.
INTRODUCTION
Lung cancer is the most common cancer worldwide with over 1.8 million cases diagnosed in 2012 alone. 1 With an estimated 4300 deaths per day, only one third of all diagnosed lung cancer cases survive one year, dropping to less than 15% for a five year survival. 1 However, if the disease is identified at the early stage the one year survival rate increases to 56-73%. 2 The gold standard for diagnosing lung cancer is by histological analyses of biopsies, which is more accurate than other tests, for example cytology or analysis of sputum. 3 There are several different techniques that can be used to biopsy the lung but obtaining a biopsy adequate for histological diagnoses can be difficult as the biopsy must be physiologically intact. Some techniques can cause damage to the biopsies making them unsuitable for histological analyses. However, this is not identified until the biopsy has been processed, which typically takes a couple of weeks.
Fourier transform infrared (FTIR) and Raman vibrational spectroscopies are being increasingly investigated as possible diagnostic tools for a variety of diseases. [4] [5] [6] They can provide quantitative information on cellular changes in DNA, protein, carbohydrates and other metabolites. 4, 5 Both FTIR, [7] [8] [9] [10] [11] [12] and Raman [13] [14] [15] spectroscopic methods have been applied to lung cancer diagnoses. FTIR studies have included, single element attenuated total reflection, ATR-FTIR, 8, 9, 12 transmission micro-FTIR spectroscopic imaging 7, 10 and synchrotron FTIR spectroscopy. 11 Single element ATR-FTIR studies have included distinguishing healthy from cancerous lung samples with fresh tissue, 8 pulverised tissue 12 and serum. 9 Raman probes have been used to investigate in vivo diagnosis in the lung in a small number of patients, 13, 15 with differences found between heathy and cancerous tissue. Raman spectroscopy has also been used to identify changes between healthy and cancerous lung epithelial cell lines. 14 However, high equipment/operational costs, to date, precluded development of these methods into a routine clinical diagnostic tool. The use of spectroscopy in medical diagnostics could be advantageous as it can produce, rapid quantitative results that do not rely on the biopsy being physiologically intact.
In this study FTIR spectroscopic imaging in transmission was used to characterise cell and disease progression of lung squamous cell carcinoma (SCC) in a single deparaffinised 8 µm biopsy section that contains histologically-defined areas of disease progression. Disease stages present include healthy, mild/moderate/severe dysplasia and squamous cell carcinoma (SCC) in situ. The use of such a sample eliminates inter-sample and inter-patient differences that might be unrelated to carcinogenesis. It is rare for a single sample to display a complete disease transition from healthy to carcinoma in situ, and to the best of our knowledge, FTIR spectroscopic imaging of such a sample has not been described in the literature.
MATERIALS AND METHODS

Sample preparation
A bronchial biopsy sample was excised from a patient with pre-invasive SCC. The patient was participating in a clinical research study approved by the local ethics committee (06/Q0505/12) and routine informed consent was taken prior to the procedure. A biopsy was taken from the right upper lobe as part of the undergoing surveillance of the patients known bronchial pre-invasive lung cancer. It was fixed in 4% formaldehyde solution for 12 hours, and embedded in paraffin wax using a standard protocol. 16 An approximately 4 mm x 1 mm, 4 µm thick section was cut for H&E staining and analysis by an expert histopathologist at University College London Hospital (UCLH), UK. Figure 1A shows the tissue annotated by the histopathologist. It contains healthy epithelia, mild dysplasia, moderate dysplasia and severe dysplasia/carcinoma in situ as well as the underlying lamina propria. For the FTIR spectroscopic image, an additional 8 µm section was cut and mounted on a 2.5 mm thick CaF 2 window. The sample was deparaffinised with hexane and washed with ethanol/water mixtures of; 100%, 95%, 70% and 50% for 2 minutes per solution. It was stored in a container with desiccant before the FTIR image was recorded.
FTIR spectroscopic measurement parameters
An IFS 66/s spectrometer (Bruker) coupled to a Hyperion 96 x 96 FPA detector was used to record the spectra in transmission mode at Imperial College London (ICL), UK. Data in the 4000-900 cm −1 region were collected, but only the 1800-900 cm −1 region was analysed in detail. Spectra from each FPA element were averaged from 128 co-added interferograms at 4 cm −1 resolution. Where possible, a white light image of the same sample area was also recorded. In order to map the whole 4 mm x 1 mm sample, a succession of 96 x 96 pixel arrays measuring 256 µm x 256 µm, were automatically recorded and subsequently stitched together to produce one image of the whole sample with a 16 x 3 tile array (i.e. a 1536 x 288 pixel image). After acquiring the image, the spatial resolution was decreased by binning blocks of 4 x 4 pixels in order to decrease computational expenditure and to improve the signal to noise ratio. The projected pixel size at the original resolution was 2.7 µm x 2.7 µm, which was reduced to 10.8 µm x 10.8 µm when binned.
Spectral pre-processing and analysis parameters
All spectral processing was performed in MATLAB R2013b. Spectral contributions from water and water vapour were removed by fractional subtraction of pre-recorded reference model spectra. Spectra that had an amide II protein contribution (measured as the maximum difference between peak and trough in the 1562-1468 cm −1 range) above 0.05 ΔA were selected for further analyses. They were first normalised to the mean amide II absorbance of 0.15 before conversion to second derivative with 17 point Savitzky-Golay smoothing. MATLAB PLS toolbox R7.9.3 was used for hierarchical clustering (HCA) and principal component (PCA) analyses. HCA was performed with Ward's algorithm on the 1614-1465 cm −1 spectral region after mean centring. PCA was performed after mean centring and with no threshold set. Models built with 1-10 principal components were tested. Three components were chosen for all PCA models, this was based on selecting the number of components where diminishing returns were reached in a cumulative variance plot. Both PCA models captured 99% of variation with three components. The resulting PC loadings were analysed to ensure that the they were consistent with IR signatures expected to arise from biochemical changes associated with disease progression. Figure 1A shows the H&E stained section, together with the histologically defined regions of epithelium and lamina propria, and the areas of epithelial disease stage progression.
RESULTS
Cell type differentiation
It is well documented that different cell types can have different FTIR characteristics. 17, 18 The spectral differences between surface epithelial cells and the underlying lamina propria of a bronchial biopsy are shown in Figure 1B . These two cell types were easily separated by integration of the 1591 ( Figure 1C ), 1334 ( Figure 1D ), 1215 and 1275 cm −1 bands. HCA of the 1614-1465 cm −1 region could also be used to separate them ( Figure 1E ). This same region has been used to successfully separate oesophageal epithelial and lamina propria cell types by HCA, and with similar spectral features (Foreman et. al unpublished work). Differentiation of the two bronchial cell types could be achieved by HCA with other spectral regions.
Disease stage differentiation 3.2.1 Analysis of the epithelium
The effects of disease progression on cellular IR characteristics were investigated. The epithelium and the lamina propria regions were analysed separately in order to eliminate spectral differences arising from cell type (above). However, the signal:noise ratio of a 4x4 binned image, where each pixel would have an approximate size of 10.8 µm 2 , was insufficient to accurately de-convolute the very small signal differences that distinguish different disease stages. Therefore, fifteen regions were manually selected along the epithelium (Figure 2A and 2B). Regions 1-15 contain the following number of pixels at the original resolution with a projected pixel size of 2.7 µm 2 : region 1, 2224; region 2, 992; region 3, 1392; region 4, 1344; region 5, 880; region 6, 2144; region 7, 3744; region 8, 3376; region 9, 2992; region 10, 4720; region 11, 5056; region 12, 2416; region 13, 2720; region 14, 2352 and region 15, 3280. According to the histopathology, regions 1-3 were healthy, regions 4-6 exhibited mild dysplasia, regions 7-9 showed moderate dysplasia and regions 10-15 showed severe dysplasia/carcinoma in situ. The spectra within each of these regions were averaged and the averaged spectra were compared after normalisation of their amide II intensities ( Figure 2C and 2D ). Spectral differences were evident, most clearly seen in the second derivative troughs at 1163, 1074 and 1036 cm −1 decreased as dysplasia progressed, and where the peak at 1095 cm −1 also decreased as well as downshifting to 1093 cm −1 . Figure 2A and 2B show the integrals of second derivative troughs 1163 and 1036 cm −1 , respectively. The difference between healthy (regions 1-3) and the diseased (regions 4-15) epithelial regions can be seen clearly in the colour change from red/yellow to blue. The transition from healthy to mild dysplasia (region 4) is reflected well in the 1036 cm −1 trough (Figure 2A) where the integral 0.009 was in-between the average healthy integral 0.0014 and the dysplastic/ carcinoma in situ integral of 0.007. The p-value from a Man-Whitney U test between healthy and dysplastic/carcinoma in situ was 0.0044 for both the 1163 and 1036 cm −1 integrals, making the difference between healthy and dysplastic significant. However, no significant difference was found when comparing the integrals of 1163, 1095, 1074 or 1036 cm −1 between mild, moderate and severe dysplasia/carcinoma in situ.
A PCA with three components was performed on the 1100-1030 cm −1 spectral region (Figure 3) . PC 1 separates healthy from the other dysplastic regions, and PC 3 separates moderate dysplastic regions from the severe dysplastic regions. However, there is no clear resolution of the mild dysplastic regions ( Figure 3A) . It was still possible to retain good separation of disease progression by averaging spectra after subdividing each region into two, but clear separation was lost with smaller subdivision due to degradation of signal to noise. 
Analysis of the lamina propria
Since SCC originates in the surface epithelial cells, the major spectral differences are expected to arise in this region. In order to investigate whether the progression of dysplasia also affected spectral properties of the underlying tissue, fifteen lamina propria regions were manually selected from the mapped FTIR image (Figure 4 ). Figure 5 shows the averaged absolute (top) and second derivative (bottom) spectra from these 15 regions. Regions 1-15 contain the following number of pixels at the original resolution with a projected pixel size of 2.7 µm 2 : region 1, 9360; region 2, 5232; region 3, 5264; region 4, 5008; region 5, 3376; region 6, 4896; region 7, 5536; region 8, 6544; region 9, 6288; region 10, 7872; region 11, 6576; region 12, 9072; region 13, 9296; region 14, 10704 and region 15, 4288. According to the histopathology, the regions were adjacent to the following epithelium: regions 1-3, healthy; regions 4-6, mild dysplasia; regions 7-9, moderate dysplasia and regions 10-15, severe dysplasia/carcinoma in situ. Spectral differences were evident in these averaged spectra, seen clearly in the second derivative troughs at 1334 cm −1 and 1279 cm −1 and peaks at 1215 cm −1 and 1066 cm −1 , which decreased in intensity as disease progressed. The 1279 cm −1 band and the 1080-1050 cm −1 spectral region also exhibited some shifts as the disease stage progresses ( Figure 5A and 5B). Figure 4A -D shows the second derivative integrals of the 1334, 1279 1066 and 1215 cm −1 band respectively. The integrals of 1334, 1279 and 1066 cm −1 show a gradual transition from healthy through to severe dysplasia/carcinoma in situ. The 1215 cm −1 ( Figure 4D ) integral shows a significant difference between healthy and dysplastic states, although there is no significant difference between the stages of dysplasia.
The regions of the spectra that contain the most significant differences between disease stages in the lamina propria are those from 1350-1196 cm −1 and 1097-1041 cm −1 . Figure 6A shows a scatter plot of the first 3 principal component scores of the 15 selected regions. The same resolution of differences could be seen when the areas selected for averaging spectra were subdivided by a factor of four but was lost with further subdivision. 
DISCUSSION
As the spectral differences between the epithelium and lamina propria of the bronchial sample are greater that the differences between disease stages, these two cell types were first separated and then analysed separately for changes associated with disease stage. This could be achieved easily by integration of bands at 1591, 1334, 1215 and 1275 cm −1 , or by HCA of the 1614-1465 cm −1 region. Differences in this latter region are similar to those found between the epithelium and lamina propria regions of oesophagus (Foreman et al. unpublished work). Lamina propria is a structural tissue comprised of a network of fibrous tissue that contains significantly more collagen and blood vessels than the epithelium, 19 which when healthy is a thin layer of cells. There will, therefore, be more nuclei present in the epithelium and this might be one factor that accounts for its higher absorbance in the 1150-1000 cm −1 region since DNA is well known to contribute in this range. 20 Analysis of second derivative spectra from the selected regions of the epithelium at different disease stages has revealed troughs at 1163, 1074, 1036 and a peak 1095 cm −1 that decrease in intensity with each disease stage. The 1095 cm −1 band also exhibits a 2 cm −1 decrease in the peak position. This region is commonly attributed to changes in DNA and metabolites. Glucose and/or related carbohydrate compounds are likely to be the main contributors to the 1074 and 1036 cm −1 bands. A recent biochemical study on a lung cancerous cell line versus a healthy cell line by Chaudhri et al. 21 suggests that there is a decrease in metabolites including glucose, supporting our finding. In the epithelium the biggest spectral difference was between the normal cells and the diseased cells. However, a PCA showed that a principal component that resembles glucose changes might be used to distinguish mild/moderate dysplasia and severe dysplasia/carcinoma in situ. This difference remains resolved even when the size of the manually selected regions are reduced.
It might be expected that the changes in the epithelium would be more significant those in the lamina propria as dysplasia arises in the epithelium. However, analysis of manually selected regions in the lamina propria also showed spectral changes associated with different disease stages. The second derivative peaks 1215 and 1066 cm −1 and troughs 1334 and 1279 cm −1 , all decrease as the severity of dysplasia increases. The 1066 cm −1 region is of particular interest, as there appears to be an introduction of one or more components. It is known that cancer development triggers the inflammatory response, 22, 23 and so it is possible that these additional components and the changes in the position of the bands (relative to protein) are attributed to the introduction of leukocytes and other cells/proteins recruited to the area in response to the inflammatory process.
In conclusion, we have analysed a SCC bronchial biopsy section by micro-FTIR spectroscopic imaging where cell and disease type were identified using an adjacent H&E section analysed by an expert histopathologist at University College London Hospital (UCLH), UK. The tissue displays a transition from healthy to cancerous, which includes mild, moderate and severe dysplasia as well as carcinoma in situ. The sample also includes both the surface epithelium and the underlying lamina propria. We have identified spectral features that can be used to differentiate the epithelium and lamina propria (1614-1465, 1334, 1215 and 1275 cm −1 ) and further differences that can be used to partially identify all disease stages within both of the two tissue types.
